Abstract-Simulation is the most important and widely used method in the research of Mobile Ad hoc NETworks (MANET). The topology of MANET and the mobility of mobile nodes are the key factors that have an impact on the performance of protocols. However, most of the existing works are based on random movement and the fact that the network topology is highly related to the environment of MANET is overlooked. In this paper, we propose a novel Environment-Aware Mobility (EAM) model which models a more realistic movement of mobile nodes. Environment objects such as Route and Hotspot are introduced to represent the environment components which are rendered by Scalable Vector Graphics (SVG). It is considered to be a complex model with a combination of existing conventional mobility models and network environments. This paper shows that various MANET environments can be modeled based on this work. A sample environment is also simulated and the results show that the intrinsic characteristics and properties of the environments have a significant influence on the performance of MANET protocols.
INTRODUCTION
Without any central administration, MANET is considered to be the dominating form of wireless network and has drawn more and more attraction from the industry. Using self-organised mobile nodes, MANET can be deployed in any environment, such as a gallery, a theatre, a shopping mall and even a street. Many researchers have shown interest in the fields of MANET and all sorts of protocols aiming at different issues have been proposed in recent years. The performance of these protocols needs to be carefully evaluated before they are ready fore the commercial market. Therefore, network simulation plays a very important role in this area, and is widely used by researchers as a key method to better understand the overall performance of MANET.
Self-organization is the essential characteristic of this mobile wireless network. The mobile nodes within the network can be any moving or fix-position objects equipped with antennas. They can be either humans moving in a mall or gallery, or insects and animals in nature environments. The movement behaviors are highly dependent on their own mobility factors and the areas they are located. The mobility model is therefore regarded as an important component in ad hoc network simulation.
In this paper, the mobility modeling is discussed by proposing a novel realistic model which is incorporated with the environments where a MANET is deployed. Environments are defined by introducing some environment objects, such as a Route, a Junction, an Accessible Area, and a Hotspot etc. The mobile nodes are modeled with the concern of node heterogeneity. The signal-blocking issues are also covered in this model by introducing the ClosedArea whose boundaries are considered to be obstacles with no radio penetration. In addition, with the use of Scalable Vector Graphics (SVG) [5] , environments can be easily designed and the movements in the environment can be visually observed.
The remainder of this paper is organized as follows. Section II details some related work in the research of mobility models. Section III describes the detailed information about how the Environment-Aware Mobility model works. The details of the evaluation are presented in Section IV, and the results are presented and discussed in the last section.
II. RELATED WORKS
There exists many mobility models proposed for mobile wireless networks. Mobility models are used to describe the movement pattern of mobile nodes. In this section, some of the popular models used in MANET are briefly described. The relevancy between EAM and those models is clarified afterwards.
The category of conventional models is illustrated in Fig. 1 . The Entity Models are used to model the movement behavior of an individual mobile node. The Random Waypoint model [1] is widely implemented by network simulators such as ns2 [4] . In each movement epoch, the mobile node picks a position within the simulation area and moves towards it with a speed distributed in the range [ν min , ν max ]. Instead of moving to the next destination immediately as soon as it arrives at the current destination, the mobile node pauses for a specified time then repeats the procedure. The major drawback is that the nodes tend to move around the centre area so that they are not really distributed into the entire simulation area. The Random Direction [1] model is proposed to avoid this distribution problem. It forces the mobile node to move until it reaches the border of area before it starts its next epoch.
The models introduced previously are all considered to be memory-less models since the next movement segment has no dependency on the previous movement regarding either speed or direction. This memory-less feature causes frequent sharp change in speed and direction of movement which is obviously not applicable in a realistic world. Some memory models are proposed. The Gauss-Markov model was first introduced in [6] . In this model, the velocity of the mobile node is assumed to be correlated over time and modeled as a Gauss-Markov stochastic process. The Boundless model [1] is another example of a memory model but with no geographical restriction. Mobile nodes are allowed to cross the boundaries and appear at the other side of the area. The resulting effect is that the simulation area is modeled as a torus instead of a flat area.
In ad hoc networks, there are many situations where the movements of mobile nodes have some correlation with each other, i.e. mobile nodes have some group behavior in common. To present this characteristic, Group Models have been proposed. One typical example is the Reference Point Group Mobility model (RPGM) [3] . In RPGM, a logical centre of a group is defined and its movement is used to direct the group-wide movement. Individual members of the group move not purely on a random basis, their movements are also affected by the group movement. RPGM is popularly used in research to depict some scenarios with group behaviors such as avalanche rescue. Other group models can also be found in [1] .
The previous models all assume that the simulation area is a free space area where mobile nodes can move anywhere inside. They expose the self-organization feature of mobile nodes, but they are not generally applicable and the geographic factors have to be considered. The Pathway models [7] and the Obstacle models [8] partially overcome this disadvantage. The Pathway Model forces each mobile node to move along the shortest path towards its destination. Similar behavior is also modeled in the Freeway mobility model and in the Manhattan mobility model in [9] . The Obstacle mobility model was first introduced in [12] . Unlike the Pathway model, the Obstacle model defines some obstacles in the simulation area. These obstacles have a signal-blocking effect on the communication of mobile nodes. This model also allows the nodes to change this movement trajectory when obstacles are encountered. Geographic models support more realistic scenarios than Entity and Group models.
Several works have brought the idea of real-world simulation into MANET simulations. The realistic environment in which the network exists needs to be constructed before running the simulation. Ref. [10] provides a way to achieve this by using Auto-CAD, and the realistic world is constructed by implementing the knowledge of the Voronoi diagram in [12] . The movements of mobile nodes are restricted by the predefined arbitrary obstacles and pathways. However, this real-world environment model does not provide a flexible approach to model the mobility variations. The movement trajectory of a mobile node might change over time. For example, the mobile nodes move along the pathway then may enter a particular terrain, such as a park where their movements become less deterministic, therefore they might walk in any direction, i.e. the pathway restraints are no longer applied. As a conclusion, every model mentioned above has some abilities to model the mobility of mobile node in MANET. They can be applied to particular situations, but none of them is flexible and suitable enough for modeling more realistic scenarios. As a mater of fact, Entity Models and Group Models can co-exist in some scenarios with obstacles. The Obstacle model seems to give a good solution for signal-blocking but it leaves entity and group mobility properties unconcerned. Obstacles and Paths are detected but the trajectories to deal with obstacles are simple and not general. Depend on the roles they play in the environment, the mobile nodes can have different mobile characteristics. The fact that environment factors can affect the movement is also overlooked by all of them.
By taking the environment into account as illustrated in Fig. 1 , the EAM model proposed in this paper provides a more general approach to model more realistic ad hoc networks.
III. ENVIRONMENT-AWARE MOBILITY MODEL
The EAM model proposed in this paper is designed to model the movement behavior of mobile nodes in the environments of realistic ad hoc networks. By studying the possible environment where MANET is located, different sub-areas within the entire simulation area are abstracted to several environment objects, such as a Route, Junction, Hotspot, etc. The movement trajectory of the mobile node is correlated with the sub-area that it is located and is allowed to be changed during the simulation. The node heterogeneity is also concerned for better describing the mobility of mobile nodes. The obstruction of radio propagation is also implemented in this model, and some of the conventional models are modified to take into account the environmental effects and to cope with the obstacles.
In our proposal, the environment including all the environment objects is designed with SVG. The relationships between sub-areas and various properties of each sub-area are given by a text-formatted configuration file (Environment Configuration File). A SVG file is generated after the simulation is finished. This animationsupported SVG file can be very useful for researchers to explicitly observe the movements in the simulated scenario. The details shown in this SVG file can be configured by the users by modifying a text-formatted configuration file (Output Configuration File). When the simulation starts, this model reads all three files to become aware of where the environment objects are and their properties. The mobile nodes are distributed into the accessible sub-areas. The mobility factors such as speed, direction and the mobility model attached to each node are determined by the properties of the areas they are located. All the movements are recorded and converted to ns2 compatible movement scenario file at the end of the simulation. ns2 is also modified in order to be able to read an obstacle boundaries description file to block radio signal. Fig. 2 illustrates the work flow of this model.
A. Environment Objects
Different types of sub-areas are abstracted by Environment Objects (EOs). The EOs can be classified into two categories: Non-Accessible Area (NAA) and Accessible Area (AA). NAA represents the restricted area where no movement is allowed. AA represents some areas where mobile nodes can move inside and may move in and out. An AA can be any of the Lane, Path, Route, Junction, NORmal Accessible-Area (NORAA) and Hotspot objects.
Some hierarchical relationships also exist in EOs. For instance, a Route is composed of Paths, Junctions and even NORAAs, a Path can be composed of Lanes, and NORAAs can be a container area for Hotspots. 0Fig. 3 illustrates the structure of EOs.
With the introduction of EOs, real complex environments can be simplified and easily constructed.
Each EO is given some intrinsic characterises which have influence on the mobility of the mobile nodes. Typically, the mobile node located in the Lane must follow the Lane to the exit with a maximum speed limit; if a Junction is encountered, a mobile node is forced to choose one of the exits to enter the next adjacent EO. NORAA is a very flexible EO because it can be used as a container area. If it is a free space area, a mobile node can move using its conventional mobility model. If it contains Hotspots, mobile nodes will be forced to commute among the Hotspots. If it contains a NAA, the accessible space for If there are no sub-areas located inside the NORAA, the mobile nodes can move freely inside its area; However, a NORAA can contains Hotspot and NAA, in which case the behaviors of mobile nodes will be affected and restricted.
Lane (L)
One pair of Entry and Exit must be defined for a Lane. Once the mobile node moves into a Lane from the Entry, the node has to move towards the Exit.
Path (P)
A Path can consist of one Lane or multiple parallel Lanes. The mobile nodes moving in a Path are not allowed to change its Lane and they must move from the Entry towards the Exit of the Lane where it is located.
Junction (J)
It is used to connect two Paths, or two NORAA, or one Path and NORAA. the mobile nodes is reduced. The full description of the EOs is given in TABLE I.
B. Environment Layout Design
Scalable Vector Graphic (SVG) has been widely accepted as a graphic standard, and it is the key approach used by the Environment-Aware Model to produce the simulation environment. SVG uses XML to describe 2-dimention graphics. SVG contains a set of basic shape elements, such as the rectangle, circle, line, and polygon. These elements are used to represent the environment objects with arbitrary shapes. SVG also supports the abilities to change the vector graphic over time which provides the capability of visualizing the movements of mobile nodes. The full specification of SVG can be found in [5] . A typical snippet of an SVG Environment Layout File (ELF) is attached in Fig. 4 .
Note that every Environment Object is identified by the ID of the SVG shape element. A simple convention is set: the ID must start with AA (for Accessible Area) or NAA (for Non-Accessible Area) then followed by an underscore then its name which is composed by the object's type plus the index. For example, if an element has an ID of "AA_L1" ('L1' is the name of this object), it means the sub-area represented by this element is an accessible Lane with index 1.
C. Environment Configuration
The SVG layout file provides the model with the location of each EO and helps identify their types. The relationships among EOs mentioned along with their properties are configured in a text-format Environment Configuration File (ECF). It is also assumed in EAM that Hotspot √ X X X X X √ √ = the property is applicable to the EO X = the property is NOT applicable to the EO Figure 5 . Typical configurations for a Normal-Accessible Area.
TABLE II. THE PROPERTIES OF ENVIRONMENT OBJECTS Properties

MaxSpeed
Description
The maximum speed at which the mobile nodes can move when they are located in this area.
Value
The speed in meter/second (m/s). Any speed not less than 0.0m/s. Example: 3.5(m/s) MaxDirection
Description
It is the maximum direction in degree towards which the mobile nodes can move when they are located in this area.
Value
The angle in degree, ranges from -180.0 to 180.0 degree. Example: 180 (degree) MinDirection Description It is the minimum direction in degree towards which the mobile nodes can move when they are located in this area.
The direction in degree, ranges from -180.0 to 180.0 degree. Example: -180 (degree) InboundAreas
Description
It is used to specify the entry areas where the mobile nodes can move into this area from.
Value
The name of the EO. If more than one area exist, the names of EOs must be separated by '-'. Example: J2-A1 OutboundAreas
Description
It is used to specify the exit areas where the mobile nodes can move into from the area it is located.
Value
The name of the EO. If more than one area exist, the names of EOs must be separated by '-'. Example: J1-A2 Capacity
Description
The maximum number of mobile nodes the area can accommodate Value Any positive integer. Example: 10
MaxDuration
Description
The maximum duration of time the mobile nodes can stay inside the area Value The duration in second (s). Example: 40 (s)
Components
Description
It is used to specify the sub-areas located inside this configured area or the areas that it consists of.
Value
The name of the EO. If more than one area exist, the names of Eos must be separated by '-'. Example: H1-H2 ClosedArea
Description
It is used to indicate if this area is considered as a signal-blocking area. If this is set to be true, its boundaries will be regarded as obstacles.
Value Boolean value, True/False. Example: true
MobilityModel
Description
It is used to specify which mobility model the mobile nodes should use once they move into the area.
Value
The name of mobility model. The mobility model can be any one of Random Walk, Random Waypoint, Random Direction, GaussMarkov, Boundless, Hotspot and RPGM. Example: randomwalk some of the EOs might have some properties in common. They may have restraints on the speed, the direction and capacity which is the maximum number of mobile nodes the EO can accommodate. All these properties are configurable in the ECF. As an example, a typical configuration for the NormalAccessible Area with ID=AA_A1 which exists in the environment of Fig.4 is given in Fig. 5 . Referring to the description in TABLE II, it is very easy to derive that the area A1 is adjacent to Junction J2 which is its entry area. A1 can be considered as a room since it is set to be a Close area, it contains three Hotspots (H1, H2 and H3) and maximum 10 mobile nodes are allowed to stay in at the same time. As for the mobility factors, the mobile nodes located inside can move in any direction but with speed up to 7m/s, and the general movements are modeled using the Hotspot Model.
D. Environment-Aware Movement
The EAM can integrate many Entity Models such as the Random Waypoint model, the Boundless model and the Group Models like RPGM with some modifications. In order to cope with the complex environments composed by the EOs, two sub-models are proposed: the Route model and the Hotspot model. These two models are described in detail and intensively studied in [13] . Boundary Effects are implemented to cope with the situation when NAAs are encountered.
Movement in the Route model:
The Route model can model some complex environments, such as a city area or an urban road traffic network. The mobile nodes moving in a Route travel through all its components in a specified order given in the ECF file. When they reach the end of a Route, the mobile nodes will appear at the entry of a new Route in order to keep the number of nodes constant during the simulation. The Route Mobility model can be used to model the movement described in the Pathway model, the Manhattan model, the Virtual Track model, and the Obstacle model. Nevertheless here the movement in a route can use the Random Walk model as well since the Route model allows the existence of a NORAA to bridge two Paths. Movements can also be restrained by the route. For instance, the speed may not exceed the maximum allowed speed of a lane.
Movement in the Hotspot model:
A hotspot is a place where most of the mobile nodes are likely to visit. If hotspots exist in an area, the strategies with which the mobile nodes move between the hotspots can be varied because a hotspot might have a capacity to accommodate a maximum number of visitors and a maximum duration that the mobile nodes are allowed to stay. A number of different strategies are introduced in [13] . In this paper, a simple strategy is applied: the mobile nodes always adjust their speed to make sure that the hotspot can allow at least one more nodes to be added when it arrives at the hotspot.
Boundary Effects
As mentioned earlier, various models are modified and given environment-aware capability. For example, different behaviors are designed for the Random Walk model and the Random Waypoint model when a NAA is encountered. Bouncing behavior is applied to the Random Walk model. Fig. 6(a) illustrates the effect: the node bounces to another random direction at boundary e1. Compared with the Random Walk model, the Random Waypoint model features a target-driven behavior so that Bouncing is not applicable. Thus, a different boundary effect called Surrounding is proposed. With the Surrounding behavior, once the next destination is determined, the mobile node will try to get there even if there are obstacles blocking the expected path. Fig. 6 (b) illustrates this effect: the node starting at S moves towards D, it actually travels along the boundaries e3-e4-e1, and then gets to D.
E. Signal Obstruction
Radio propagation could be one of the major issues that influence the performance of MANET. The received signal is very vulnerable to suffer significant power dropdown due to attenuation, multipath fading, etc. The TwoRay Pathloss propagation model is used to calculate the power of the received signal. In EAM, it is assumed that if there is a boundary of an obstacle geographically located between the LOS range of the pair of mobile nodes, then the signal transmitted from either of them will not reach the other node.
OpenAreas and ClosedAreas are defined to help the model identify which EO should be considered as an Obstacle. A text-formatted Obstacle Description File (ODF) is generated for the environment. If one EO is configured to be a ClosedArea, Its boundaries locations are added into the ODF which will be processed in the physical layer of ns2. Fig. 7 gives an example environment and its relevant ODF.
F. Node Heterogeneity
The mobile nodes can have different behavior depend on the roles they play in the environment. In Environment-Aware Mobility mode, the mobile nodes are classified into five categories based on their mobile characteristics. They include High Mobility Node, Low Mobility Node, Restricted Nodes, Bus Node, and Static Node.
A High Mobility Node (HMN) is the most common node. The nodes belong to this category normally can have relatively higher range of speed compared to other nodes. Another important characteristic is that all the HMNs have certain randomness. Every node is moving towards a random destination through one of the available routes; they can have different random speed, but they must have more or less the same average speed depend on the traffic load. One typical High Mobility Node is the car.
A Low Mobility Node (LMN) is actually a special case of the Normal Node. The nodes belonging to this category have the same level of randomness as Normal Node, but they usually are moving with much slower speed. A typical example of this category is the pedestrians.
A Restricted Node (RN) is normal located inside certain obstacles such as a building, a stadium and so on. The nodes belonging to this category normally exhibit lowest speeds inside a relatively small sub-area of the environment. It is noted that the behavior can be changed to be a Restricted Node once the High Mobility Node and Low Mobility Node move into a restricted area. A visitor to an Art Gallery, for example, can be considered as a good representative of this category.
A Bus Node (BN) is defined to represent mobile nodes such as a bus or supertram. The nodes belonging to this category normally have the middle speed between the LMN and HMN, but more importantly, the node's average speed is relatively constant in order to catch up with its timetables and it is normally moving in a loop along a pre-defined route and pauses for a certain time at some locations along the route.
A Static Node (SN) is defined to represent the nodes which are not moving during the observation period. The speed of a Static Node is considered as 0m/s. The traffic lights located at the junctions and the roadlamps located along the routes can be treated as typical examples, assuming they are equipped with radio transceivers.
With the consideration of the node heterogeneity, some particular mobile ad hoc networks can be simulated in various environments, for example the so-called Busaided Inter-Vehicle Communication (Bus-aided IVC) system as illustrated in Fig. 8 . It takes the advantage of the regular movement of the bus helping the connection of two physically out-of-communication-range vehicles; The RoadLamp-aided IVC system shown in Fig. 9 is another particular communication system where some of the roadlamps or traffic lights are assumed to be equipped with wireless transponders and serve as the access points.
IV. SIMULATIONS
The Environment-Aware Mobility model is very flexible and can be applied to various environments. The main purpose of the simulation is to show that the performance of the ad hoc networks protocols is not only influenced by mobility models, but also significantly affected by the Environment Objects which are the fundamental sub-environments abstracted from the real environments.
With the presence of EOs, the movement behaviors of mobile nodes modeled by the mobility model are also restricted by the properties of the EOs. Moreover, by introducing Obstacles, the network connectivity is also highly influenced. The resulting topology change is evaluated by the measurement of the average numbers of connection changes at different speeds.
One popular routing protocol AODV [11] is simulated. Three typical metrics, Control Packet Overhead, End-toEnd Delay and Data Packet Delivery Rate are used to evaluate the routing performance. For comparison, all the metrics are measured repeatly with increasing speed from 0m/s to 9m/s.
In order to show the impact caused by the environment, two ECF files are used and simulated individually. Both the Obstacle and Obstacles-less environment are simulated and compared. The SVG Layout is shown in Fig. 10 .
A. Environment Description
A 600x300m area is used to represent the simulation area. Two different MANET environments, The Art Gallery and Festival Event are used.
The Art Gallery:
In this environment, Area 1 and Area 2 can be considered to be two rooms separated by a wall (NAA). All the arts exhibited in the rooms are presented by Hotspots. Visitors enter this area from the entry. They may continue moving to the next exhibition section through Exit 1 or enter one room (Area 1 or Area 2). Once the visitors enter the room, they will move towards the art object that they find most attractive then the next and so on. If a visitor notices that his art object has too many visitors (up to the capacity of Hotspot), they will go to the next most interesting object. Once they have visited all the art objects or if they have been in the room too long (up to maximum duration allowed to stay in the area), they will leave the room and continue the visit through Exit 2 or Exit 3 as shown in Fig. 10 . In this case, both areas are ClosedArea because the signal is very likely to be blocked by the walls.
The Festival Event: Compared to the Art Gallery environment, this environment exists in some public places, such as a park so that the two areas can be assumed to be OpenAreas. In this case, when mobile nodes move into Area 1 or Area 2, they may just walk around freely for a while then leave. Note that if some entertainments or shops are distributed inside the areas as hotspots, the behaviors of nodes could be similar to the previous one.
B. Simulation Description
All the simulations are done by ns2. 40 mobile nodes with 100m omni-directional antenna transmission range are distributed over the simulation area. The Hotspot model is used for the modeling the Art Gallery environment and the random movements in the Festival Event are modeled by the Random Waypoint model. The simulation is repeated with different average nodes speeds ranging from 0m/s to 9m/s and the final result is an average of the simulation results from 40 runs.
To evaluate the impact of Obstacles on different mobility models, both environments are simulated with Obstacles and without Obstacles. Area 1 and Area 2 are assumed to contain minimum of 15 mobile nodes inside, and the other 10 nodes are distributed randomly along the routes. If any of the 10 nodes are located inside the two sub-areas, they will stay there for a certain time then leave. If they are located in Lanes, they will randomly choose a route. For the Random Waypoint model, a 10 seconds pause time is spent by each node when it gets to the current destination and the pause time in the Hotspot model is depend on the property of each Hotspot. In the Art Gallery environment, nodes move about with a maximum speed of 7m/s inside the two rooms, but there is no limitation for the Festival Event because it is considered to be an out-door event. In order to keep the number of mobile nodes constant during the simulation, the nodes that arrive at any of the Exits will appear at the Entry to start a new journey. Each scenario is simulated for 500 seconds.
The measurement is started after 50 seconds to ensure all the nodes have been distributed throughout the areas. The number of connectivity between neighbors is calculated every second. The average changes of connectivity at each speed are measured as the metric to evaluate the influence on the network topology caused by the mobility models and the environments.
Environment Layout AODV routing protocol is used to evaluate the impact on the routing performance. The CBR data packet size is set to 512 bytes and the sending rate is set to 4 packets per second. A maximum of 20 data connection is allowed at one time. A node will act as either a sender or receiver at any time during the simulation.
V. RESULTS
A. Scenario Visualization
By utilizing the animation elements of SVG [5] , the simulated scenarios can be visualized with animation by any SVG-viewer or SVG-supported web browser. Every movement of each mobile node is recorded into the Mobility Scenario File (MSF) in SVG format. Fig. 11 shows a snapshot of the running scenario. Provided the Output Configuration File (OCF) which is indicated in Fig. 2 , the MSF is also configurable to visualize the ad hoc network on demand. Fig. 12 shows some of the setting for the Bus Node. With those settings, the BNs will be visible and rendered with blue color. The transmission range of the antenna equipped by the BN is set to 150m, but it will not be shown during the animation. The moving path of BNs will be rendered on MSF in pink color.
With the help of MSF and OCF, the network can be better understood and studied.
B. Network Topology
The average number of connectivity changes with increasing speed is shown in Fig. 13 . With the existence of Hotspots and NAA, the effective space in the simulation area is highly reduced. In the route environment, the movements of mobile nodes are also restricted. There are 16 hotspots located in the environment. Nodes gathered in one of the hotspots, generates very high connectivity, but this established connectivity can only be maintained for a short time because later they will head for another hotspot. The Obstacles partition the area into several sub-areas so that the possibility of connectivity loss is increased as the nodes move in and out of the sub-areas. It is shown that the Obstacles cause higher connectivity change and the Hotspot model normally have much higher connectivity change than the Random Waypoint mode in which nodes are more distributed throughout the area. An interesting point can be pointed out here is that for the Hotspot submodel the connectivity change without Obstacles is increased sharply when Obstacles are introduced. At higher speed without Obstacles, the frequency of moving in and out is increased and the nodes moving along the routes are acting more likely as communication bridges to connect the nodes of two sub-areas. On the other hand, the connectivity created by those bridge nodes can not be kept for a long time at higher speed, which increases the change. This explanation is also applied to the Random Waypoint case. It can be seen that the two curves are jointed at 9m/s and the without-Obstacles situation has a faster increase. Most of the hotspots are located close to the boundaries which are adjacent to the route, therefore more nodes in the two sub-areas can be connected and also disconnected by movement of the bridge nodes. This explains why this effect is more significant in the Hotspots environment.
C. Routing Performance
The data delivery rate measured in different environments is shown in Fig. 14 . Since the Obstacles obstruct the transmission, the mobile nodes located in different sub-areas are not communicable if a boundary of Closed Area detected, which obviously deteriorates the delivery rate. The hotspots generate very high density which also causes much higher possibility of collision and packets drop due to the mechanism of the MAC layer of MANET. The delivery rate in both Random Waypoint environments is much more stable than the Hotspot environments. There is a Faster drop-down in the Hotspots model without Obstacles (10% dropdown) than with-Obstacles (5% dropdown). This is due to the network topology change as explained in the previous subsection.
The number of control packets sent for routing is plotted in Fig. 15 . This result is highly correlated to the packet reception showed before. Low delivery rate in the Hotspot environments causes the nodes to send more control packets to discover the routes as the requirement of AODV.
The high density of nodes in the Hotspot environment cause frequent transmission collision and contention as shown in Fig. 16 . Consequently, the packets are very likely to be delayed until an idle radio channel is found. Due to the higher topology change in the Hotspot without-Obstacles environment, the time spent in route discovery is much longer so that the latency of packets transmission is higher. The random distribution and lower topology change guarantees that the data packets can be sent and arrive at their destinations quickly in the Random Waypoint environment when no obstacles exist.
VI. CONCLUSIONS
This paper discusses the mobility modeling in MANET by introducing a novel mobility model, EnvironmentAware Mobility model. This model is an integration of current existing models to the complex environments where the networks are deployed. With the aid of SVG, the layout of the environment can be easily designed. Some abstract Environment Objects are introduced to represent the various areas existing in the networks. It has been showed that the movements are highly influenced by both intrinsic characteristics and some properties of EOs. The behaviors of the mobile nodes are not only dependent on which mobility models they use but also on the area in which they are located. The signal-obstruction effect is also incorporated in this model with the introduction of the Open or Closed properties of EOs. The signal is assumed to be blocked if the transmission needs to go through any boundary of the Closed EOs. Two sub-models, Route model and Hotspot model are also proposed to model the mobility observed in some particular environments. The characteristics of the movements of mobile nodes are studied and the mobile nodes are classified into five categories. With the concern of the node heterogeneity, the particular ad hoc networks in more complex environments, for example the Busaided IVC system and RoadLamp-aided IVC system can be modeled.
The simulations are done with different mobility models given the same geographical layout of network but with different environmental configurations. The scenarios can be visualized on demand in order to study the performance of the network in depth. The average connectivity changes are measured and the throughput, end-to-end delay and delivery rate of AODV routing protocol are evaluated. The results prove that both the network topology and the performance of protocols are significantly influenced by the mobility models and environmental factors.
With this Environment-Aware Mobility model, more realistic MANET environments can be easily modeled and better understanding of MANET can be achieved. 
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